A multiproxy study of the sediment cores taken from the Snorri Drift, formed under the influence of the Iceland-Scotland bottom contour current, and from the Gloria Drift, located southward Greenland at the boundary of Irminger and Labrador Seas, was performed. This area undergoes a variable mixing of polar waters with the warm North Atlantic current, whose intensity and direction seemed to change dramatically with the alteration of warming and cooling periods during the six marine isotope stages MIS 1-6. The relative age of this core does not exceed 190,000 cal yr BP; the average sedimentation rate was 1.94 and 2.45 cm/kyr in the Gloria and Snorri Drifts core respectively. In both the cores, the sediment records showed the downcore co-variation of ice-rafted debris (IRD); and terrigenous elements, such as Si, Al, Ti, Cr, and Zr, were revealed; their values were clearly higher in the glacial periods (MIS 2, 4, and 6) compared to interglacials (MIS 1, 3, and 5). The downcore rhythmic distributions of these elements, as well as Al/Si, Ti/Al, Fe/Al ratios exhibit an opposite trend with that of δ 18 O values, biogenic components (CaCO 3 , BioSiO 2 ), and Si/Fe and Mn/Fe ratios.
Introduction
The North Atlantic is one of the key regions of the World Ocean characterized by the global thermohaline circulations interrelated with climate changes [1, 2] . An active penetration of relatively warm and saline Atlantic waters to the Arctic Ocean during interglacial periods and deglaciation results in the heating of surface water and their transfer to higher latitudes that leads to intensification of the global ocean conveyer and melting of Arctic ice [3] [4] [5] . Sediments are supplied to the pelagic formation by ice-and iceberg-rafting from above and by turbid and contour flows along the seafloor [6] .
The contourite drifts were discovered about 50 years ago [7] . They are defined as sedimentary bodies formed under the influence of the system of the along-slope near-bottom currents, so contourite drifts are usually investigated to reconstruct near-bottom paleocurrents speed [8] [9] [10] [11] . In the North Atlantic, the contourite drifts have been formed due to the inflow of deep Arctic waters with bottom currents, the speed of which was increased during warming and decreased during glaciation [12] [13] [14] [15] . During the Last Glacial Maximum, the Central North Atlantic Gyre served as the major transport belt of icebergs to the North Atlantic [14, 16] . The melting ice provided the freshwater input influencing the climate change during the last glacial via the slowing effect of the Atlantic Meridional Overturning Circulation (AMOC) which led to global heat distribution [17] .
Intense advection of warm North Atlantic water into high latitudes causes a sharp increase in water productivity [18] . Strong bottom currents influence the lithological characteristics of sediment sequences [19] , which can be connected to changes in the past climate. In the drift's core, maximum current velocity corresponds to massive irregular sandy pockets in the cores, while the decreasing of current velocity is reflected in the predominance of mud-laminated cross-laminated silt, at the same time, bioturbation is generally the dominant feature [9] . From this viewpoint, the contourite drifts are of great interest to reconstruct past ocean conditions due to higher sedimentation rates compared to adjacent deep-sea sediments [10] .
In the North Atlantic, based on the modes of measured grain size distributions at the Gloria Drift, two sources of the lithogenic ice-rafted debris (IRD) have been identified: ice rafting and the Northwest Atlantic Mid-Ocean Channel [15, 20] .
The elemental chemical analysis and element ratios of the sediment cores provide an insight into sources of sedimentary material, bioproductivity, ocean circulation, and other parameters of the sedimentation paleoenvironment, as well as post-sedimentation processes [21] . In the North Atlantic, an active stage of the last glaciation was followed by melting icebergs' freshwater input from the Laurentide Ice Sheet through the Hudson Strait that is reflected in the sediment layers enriched in the (IRD) [22] . These paleoevents, named Heinrich-events, are clearly linked to dramatic climate shifts in the Northern Hemisphere. They were identified in the clastic carbonate cores west of the Svalbard archipelago not only by the IRD profiles, but also by variations in such elemental ratios as Ca/Sr, Zr/Ca, C org , C/N [23] . In the late Quaternary Arctic sections, the Al/Si, Fe/Ca, Ti/Al, and Zr/Al ratios were applied to estimate the variability of clastic components [24, 25] . Manganese, as a redox-sensitive element, was used in the sediments of the Lomonosov Ridge in the Arctic Ocean to determine the conditions of anoxia caused by ice cover [26] . The Mn/Fe ratio serves as a proxy of redox conditions and post-sedimentary changes in bottom sediments, as soon as an anoxia leads to a change in the Mn/Fe ratio and contents of Mn-related and some chalcophile metals in the sedimentary cores [27] [28] [29] [30] . The Sr/Ca and Rb/Sr ratios in the biogenic carbonate sediments of the South Atlantic were applied as a geochemical proxy of climatic changes: Glacial periods are characterized by high Sr/Ca values, while interglacials are characterized by lower ones [31] .
In this work, we aimed to identify changes in the geochemical characteristics of the sedimentation paleoenvironment at the Gloria and Snorri Contourite Drifts based on geochemical multielemental analysis combined with stable isotope and lithological data. The primary goal was to find a correspondence between the climate fluctuation in the Mid-Pleistocene-Holocene and changes in the sedimentological and geochemical properties of sediments. We have made an attempt to test the applicability of some geochemical proxies to describe the main trends of environmental changes in glacial/interglacial periods in the Northwest Atlantic over the Mid-Pleistocene to Holocene covering about 190 kys.
Sediment Cores and Regional Hydrography
The sediment cores were collected in the Northwest Atlantic during expeditions of the Shirshov Institute of Oceanology on the R/V "Akademik Mstislav Keldysh" in 2002 and "Akademik Ioffe" in 2015. Here, we focused on the two sediment cores sampled with gravity corer: AMK-4493 recovered from the Gloria Drift ( AMK-4493 core (367 cm core length) was taken from the southeastern part of the Gloria Drift, on the giant sediment waves with a length about 70 m and width up to 2-3 km [15] . The Gloria Drift, located in south Greenland on the boundary of the Irminger and Labrador Seas, is under the influence of the Northwest Atlantic Mid-Ocean Channel (NAMOC), which is a giant submarine drainage system of the Labrador Sea. The sedimentation in the Gloria Drift area was also influenced by the processes of the hemiturbidites formation in the Labrador Sea: IRD was probably transferred there not only by icebergs but was also delivered through the NAMOC [15, 33] . Sediments are composed of mainly light brown (with various shades) miopelagic muds ( Figure 2 ). The deposition of IRD-containing hemipelagites, which are rarely interbedded with hemiturbidites, is characteristic of the Gloria Drift. Ice rafted debris of a gravel and pebble size was found throughout the core. Changes in the oxygen isotope data, IRD values and content of CaCO3 have shown that the relative age of this core does not exceed 190000 cal BP (the average sedimentation rate is 1.93 cm/kyr). AMK-4493 core (367 cm core length) was taken from the southeastern part of the Gloria Drift, on the giant sediment waves with a length about 70 m and width up to 2-3 km [15] . The Gloria Drift, located southward Greenland on the boundary of the Irminger and Labrador Seas, is under the influence of the Northwest Atlantic Mid-Ocean Channel (NAMOC), which is a giant submarine drainage system of the Labrador Sea. The sedimentation in the Gloria Drift area was also influenced by the processes of the hemiturbidites formation in the Labrador Sea: IRD was probably transferred there not only by icebergs but was also delivered through the NAMOC [15, 33] . Sediments are composed of mainly light brown (with various shades) miopelagic muds ( Figure 2 ). The deposition of IRD-containing hemipelagites, which are rarely interbedded with hemiturbidites, is characteristic of the Gloria Drift. Ice rafted debris of a gravel and pebble size was found throughout the core. Changes in the oxygen isotope data, IRD values and content of CaCO 3 have shown that the relative age of this core does not exceed 190000 cal BP (the average sedimentation rate is 1.93 cm/kyr).
AI-3378 core (466 cm length) was taken on the eastern flank of the Reykjanes Ridge. This area is influenced by the Iceland-Scotland Overflow Water (ISOW) current [32] , which flows southwest along the Reykjanes Ridge. Sediments are presented by the light brown (primary color 10YR/5/3) aleuropelites and are very sandy with a high content of carbonate matter (up to 87%) and traces of bioturbation. There is significant variability in the sand fraction, probably caused by the change in the sedimentary material delivered to the core site. In the 100 µm fraction, carbonate biogenic fossils are predominant. The core is characterized by the alternation of biogenic carbonate layers with the quartz-feldspar ones. The relative age of sediments was determined using the oxygen isotope and 230 Th data, as well as data on changes in IRD and calcium carbonate values, which do not contradict each other and can be considered quite reliable stratigraphic markers. Thus, in the AI-3378 core, six MIS covering no more than 190,000 cal BP (the average sedimentation rate is 2.45 cm/kyr) were identified [34] . AI-3378 core (466 cm length) was taken on the eastern flank of the Reykjanes Ridge. This area is influenced by the Iceland-Scotland Overflow Water (ISOW) current [32] , which flows southwest along the Reykjanes Ridge. Sediments are presented by the light brown (primary color 10YR/5/3) aleuropelites and are very sandy with a high content of carbonate matter (up to 87%) and traces of bioturbation. There is significant variability in the sand fraction, probably caused by the change in the sedimentary material delivered to the core site. In the 100 μm fraction, carbonate biogenic fossils are predominant. The core is characterized by the alternation of biogenic carbonate layers with the quartz-feldspar ones. The relative age of sediments was determined using the oxygen isotope and 230 Th data, as well as data on changes in IRD and calcium carbonate values, which do not contradict each other and can be considered quite reliable stratigraphic markers. Thus, in the AI-3378 core, six MIS covering no more than 190,000 cal BP (the average sedimentation rate is 2.45 cm/kyr) were identified [34] .
Both cores were split with intervals of 10 cm for geochemical studies. From our data on sedimentation rates in the areas studied (see above), the 10-cm interval is equivalent approximately to 4-5 ka.
It should be noticed that there are some features of similarity and difference in the cores studied. Both sediment sequences cover six marine isotope stage (MIS). The relatively low sedimentation rates in the cores from the Snorri and Gloria Drifts are related to the average rates in the open Atlantic. It has been established that the average sedimentation rates for pelagites of biogenic (coccolith-foraminifera) origin are about 0.2-4 cm/kyr [35, 36] . Both cores are composed of fine-grained material of aleuropelite and pelite grain size fraction. Sand layers, which were more often observed in the AI-3378 core, are mainly related to foraminiferal shells of sand dimension. The difference is that the IRD contents are as much as twice higher in the Snorri Drift core, which is located northward to the Gloria Drift, whereas the IRD maximum reaches 5386 lithic grains/g. However, in the latter, the IRD peaks are more pronounced, and the sand fraction is represented by IRD and foraminiferal tests [15] . In the case of the more northernly core from the Snorri Drift, IRD varied from 258 to 5386 lithic grains/g; in the case of the more southernly core from the Gloria Drift, IRD varied from 0 to 2567 lithic grains/g. [15, 20, 34, 37] . The IRD counts in the northern part (above 55° N) of North Atlantic vary from 6.2 to 4446 lithic grains/g (SU90-24 core, [37] ), while in the more southernly area (between 50 and 40° N), the IRD counts vary from <10 to 2212 (AI3646 core, [20] ). Therefore, this data generally correspond to the earlier publications [15, 20, 34, 37] and reflect an increase of the IRD abundance northward, i.e. while approximating the glaciers. Both cores were split with intervals of 10 cm for geochemical studies. From our data on sedimentation rates in the areas studied (see above), the 10-cm interval is equivalent approximately to 4-5 ka.
It should be noticed that there are some features of similarity and difference in the cores studied. Both sediment sequences cover six marine isotope stage (MIS). The relatively low sedimentation rates in the cores from the Snorri and Gloria Drifts are related to the average rates in the open Atlantic. It has been established that the average sedimentation rates for pelagites of biogenic (coccolith-foraminifera) origin are about 0.2-4 cm/kyr [35, 36] . Both cores are composed of fine-grained material of aleuropelite and pelite grain size fraction. Sand layers, which were more often observed in the AI-3378 core, are mainly related to foraminiferal shells of sand dimension. The difference is that the IRD contents are as much as twice higher in the Snorri Drift core, which is located northward to the Gloria Drift, whereas the IRD maximum reaches 5386 lithic grains/g. However, in the latter, the IRD peaks are more pronounced, and the sand fraction is represented by IRD and foraminiferal tests [15] . In the case of the more northernly core from the Snorri Drift, IRD varied from 258 to 5386 lithic grains/g; in the case of the more southernly core from the Gloria Drift, IRD varied from 0 to 2567 lithic grains/g. [15, 20, 34, 37] . The IRD counts in the northern part (above 55 • N) of North Atlantic vary from 6.2 to 4446 lithic grains/g (SU90-24 core, [37] ), while in the more southernly area (between 50 and 40 • N), the IRD counts vary from <10 to 2212 (AI3646 core, [20] ). Therefore, these data generally correspond to the earlier publications [15, 20, 34, 37] and reflect an increase of the IRD abundance northward, i.e. while approximating the glaciers.
Materials and Methods

Stable Oxygen Isotope, IRD, TOC, and SiO 2am Analysis
Stratigraphic subdivision of the AI-3378 and AMK-4493 cores was performed using data on the calcium carbonate, stable oxygen isotope (δ 18 O), and IRD records [20, 34] . For details, see Table S1 in Supplementary Materials.
Analysis of stable oxygen isotope ratios (δ 18 O) in planktonic foraminiferal tests (Neogloboquadrina pachyderma ≥ 30 specimens, average size~150 µm) was performed by Dr. N. Andersen at the Leinbitz Laboratory of Radiometric Dating and Stable Isotope Research (Kiel University) using a Finnigan MAT 251 mass spectrometer. The accuracy of the method is 0.08% . Age models for the studied cores are based on the correlation between our stable planktonic isotope records and standard curve LR04 [38] by means of interpolation between assigned reference points. The IRD data allows us to identify the Heinrich events (H) with the well-known ages [39] ; however, due to rather low resolution (commonly 10 cm), not all of them could be identified. There are only two events clearly distinguished in the Gloria Drift core AMK4493: H1 with a time interval of 15,600 and H6 with a time interval of 59,100 cal. yr BP. The three Heinrich events in the AMK3378 core are as follows: H2? (22, 400) , H3? (26, 800) , and H6 (57,300) cal. yr BP (Figures 3 and 4 ). Additionally, an excess 230 Th ( 230 Th exc ) was used as an attempt to estimate the sedimentation rates in the AI-3378 core [34] . In the studied cores, IRD lithic grains were counted in the >150 µm fraction using an MBS-10 microscope. Each sample was split using a microsplitter and no less than 300 lithic grains were counted. Samples with low IRD content were fully examined. IRD index was calculated as the number of lithic grains per gram of dry sediment (grains/g). In the AI-3378 core, lithic grains were calculated with a 10-cm step and in the AMK-4493 core, with a 2-cm step [15, 34, 40] . The total carbon and total organic carbon (TOC) contents were determined by automatic coulometry with an AN 7529 carbon analyzer (precision 0.01%). The contents of CaCO 3 were calculated from C carb with a coefficient of 8.3. The concentration of biogenic amorphous silica (SiO 2am ) in the Snorri Drift core was determined by colorimetric method with a precision of 0.05% [41] . cores, the warmest period MIS 5е is distinguished by the peaks in CaCO3 (around 90%) and δ 18 О (3‰) values. These proxies have been studied in detail [15, 34] .
Maximum IRD values (up to 5000 grains/g sediment) were recorded in the Snorri Drift during MIS 2 and 4 cooling periods (Figures 3 and 4 ). This may indicate an additional input of terrigenous material during stadials, reflecting an increase in the volume of icebergs. The lowered values of IRD contents (from 0.3 to 1-3 thou. grains/g sediment) characterize sediments of MIS 1, 3, 5e and some interstadials of MIS 5 corresponding to relative warming. The TOC content in the AI-3378 core varies around 0.1% and increases up to 0.24% only in the uppermost layer (0-20 cm), which we ascribed to MIS 1 of the Holocene (Figure 3 ). Amorphous silica is a well-known building material for diatoms valves and silicoflagellates, as well as zooplankton (radiolarians and sponges), i.e. biogenic SiO2 (SiO2am) can serve as an indicator of paleo-productivity of seawater. According to our data ( Figure 3 ), concentrations of biogenic silica distinctly increase, amounting up to 25-50% of bulk Si during transition periods (MIS 6/5, 2/1). The maximum SiO2am content (up to 3%) was found at a depth of 360 cm, supposedly ascribed to the beginning of MIS 5e. This maximum can be explained by migration of the Polar Front (PF) to the studied area during deglaciation, when, as is well known, productivity increased along the boundary of the hydrological fronts. This can also explain the second peak of biogenic SiO2am (~2%) at a depth of 230 cm (MIS 5a?). In both cases, the increase in SiO2am coincides with a decrease in calcium carbonate, which may indicate an entry of cold freshened waters into the studied area. For comparison, in the AMK-4453 core, also recovered on the Snorri Drift [15] , the downcore decrease in IRD grains and elevated values of the sorted fine silt indicator (SS 18-23 μm), which correspond to the period of intensified contour currents during MIS 1, 3, and 5e, have been revealed.
Chemical Elements
Contents of chemical elements (average value for each sample) in sediment cores at the Snorri (АI-3378, n = 46) and Gloria (AMK-4493, n = 37) Drifts are listed in Tables 1 and 2 respectively. 
Elemental Analysis
The content of chemical elements in bulk bottom sediments (Al, Si, Ca, Mg, K, Fe, Mn, Ti, P, Cr, Sr, Zr, V, Rb, Ba) was carried out by X-ray fluorescence method (XRF). The Spectroskan MAKS-GVM (SPEKTRON, St. Petersburg, Russia) equipped with a vacuum spectrometry chamber (four crystals: LiF200, C002, PET, and KAP, in the mode of 40 kV, from 0.50 to 2.0 mA) was used. Before measurements, sediment samples were dried (at 105 • C during 8 hours) and powdered in the Fritsch Planetary Mill Pulverrisette 5/4 classic (Germany). Using a hydraulic press, specimens were tableted in special cups with the addition of powder of boric acid. Each sample was measured twice. The accuracy of measurements was controlled using the certified reference material (CRM) SDO-1 (terrigenous clay), SDO-3 (carbonate sediment), and NIST-2703 (marine sediment). Accuracy varied within the limits of ±12%; the reproducibility of major elements' analysis changed from 0.1 to 2.3%, while that for trace elements from 5.6 to 10.5%.
Results
Biogenic Components (CaCO 3 , TOC, SiO 2am ) and Ice-Rafted Debris
The CaCO 3 content in marine sediments is mainly controlled by the surface water biological productivity, so it is usually used as a proxy of paleo productivity of seawater during sedimentation.
The CaCO 3 content varies within the limits of 4-90% and 12-69% for AI-3378 and AMK-4493 cores respectively; such values are typical of the North Atlantic pelagic sediments [35, 36] . From Figures 2 and 3, it follows that the down-core variations in CaCO 3 and the δ 18 O values are very similar: Their elevated values are recorded during the relatively warm MIS 1, 3, and 5e, while the decreased values, on the contrary, are recorded during the colder MIS 2, 4, and 6. The lowest CaCO 3 values (< 5%) were detected for AI-3378 core in the cooling period of MIS 6 (Figures 3 and 4) . In both cores, the warmest period MIS 5e is distinguished by the peaks in CaCO 3 (around 90%) and δ 18 O (3% ) values. These proxies have been studied in detail [15, 34] .
Maximum IRD values (up to 5000 grains/g sediment) were recorded in the Snorri Drift during MIS 2 and 4 cooling periods (Figures 3 and 4 ). This may indicate an additional input of terrigenous material during stadials, reflecting an increase in the volume of icebergs. The lowered values of IRD contents (from 0.3 to 1-3 thou. grains/g sediment) characterize sediments of MIS 1, 3, 5e and some interstadials of MIS 5 corresponding to relative warming.
The TOC content in the AI-3378 core varies around 0.1% and increases up to 0.24% only in the uppermost layer (0-20 cm), which we ascribed to MIS 1 of the Holocene (Figure 3 ). Amorphous silica is a well-known building material for diatoms valves and silicoflagellates, as well as zooplankton (radiolarians and sponges), i.e. biogenic SiO 2 (SiO 2am ) can serve as an indicator of paleo-productivity of seawater. According to our data ( Figure 3 ), concentrations of biogenic silica distinctly increase, amounting up to 25-50% of bulk Si during transition periods (MIS 6/5, 2/1). The maximum SiO 2am content (up to 3%) was found at a depth of 360 cm, supposedly ascribed to the beginning of MIS 5e. This maximum can be explained by migration of the Polar Front (PF) to the studied area during deglaciation, when, as is well known, productivity increased along the boundary of the hydrological fronts. This can also explain the second peak of biogenic SiO 2am (~2%) at a depth of 230 cm (MIS 5a?). In both cases, the increase in SiO 2am coincides with a decrease in calcium carbonate, which may indicate an entry of cold freshened waters into the studied area. For comparison, in the AMK-4453 core, also recovered on the Snorri Drift [15] , the downcore decrease in IRD grains and elevated values of the sorted fine silt indicator (SS 18-23 µm), which correspond to the period of intensified contour currents during MIS 1, 3, and 5e, have been revealed.
Chemical Elements
Contents of chemical elements (average value for each sample) in sediment cores at the Snorri (AI-3378, n = 46) and Gloria (AMK-4493, n = 37) Drifts are listed in Tables 1 and 2 respectively. Notation: * data from [20] .
At the Snorri and Gloria Drifts, the lower and minimal contents of elements associated with aluminosilicates' supply, such as Al, Si, K, Ti, Cr, and Zr, were detected during the interglacial sediments (MIS 1, 3, 5), while, vice versa, their higher and maximal contents were detected in the glacial periods (MIS 2, 4, 6). Coarse-grained fraction, which includes IRD, is undoubtedly the result of the iceberg transport of sedimentary material. All peaks of lithogenic element contents correspond to peaks of IRD.
Elevated contents of Ca, Sr, Mn, and P are characteristic for the interglacial periods (MIS 1, 3, and 5). A few peaks of high Ca and Sr contents are detected in the Holocene (0-10 cm), MIS 3, and MIS 5e, i.e., during the hydrobiological optimum (warming and increase in water productivity).
In the glacial sediments (MIS 2, 4, 6) , Ca and Sr are deficient compared to the interglacial sediments formed in warmer periods. The downcore Ca content variations reach 20-fold, this corresponds to the strong variability of CaCO 3 content throughout the sediment cores over all the MIS stages, as shown above. Throughout the Gloria and Snorri Drifts cores, there is a rhythmic alternation of the high and low contents of Al, Si, Ti, Cr, and Zr; trends of their variation are asynchronous to that of Ca, Sr, Mn, and P. Since sediments studied are enriched in carbonates (average CaCO 3 content amounts 45.5 and 29.1% in cores AI-3378 and AMK-4493 respectively), the element averages were recalculated on the carbonate free basis (Element cfb ). These values, as well as an average upper crust values [42] , are listed in Table 3 . Table 3 . Chemical element averages for the sediment cores of the Snorry and Gloria drifts and the upper crust [42] . The average contents of Si, Al, and Mn (on carbonate free basis) are similar in sediments of the Gloria and Snorri Drifts, while the latter are relatively enriched in Ti, Fe, Cr, Ca, and Sr. When element averages in both cores are compared to the upper crust contents, one can see that there is no significant difference between Al and Si content, while the drift cores are distinctly enriched (1.5-2.5-fold) in Ti, Fe, Mn, Ba, V, Ca, and Sr. We may suggest that an additional contribution of Ti, Fe, and V into the area studied resulted from sedimentation of the aeolian dust which was enhanced during glacial periods [43] ; Fe and V were probably derived from the fallout of the Icelandic volcanic dust onto the sea ice which then was carried to the Labrador sea by the prevailing surface currents. The X-ray data on Ca contents, which are as much as three to four times higher compared to the upper crust, SEM and microscopy analysis of smear-slides, showed the abundance of foraminiferal and coccolithophore tests in our specimens and allowed us to suggest that elevated contents of Ca, Sr, and Mn were caused by their predominant accumulation in the biogenic carbonates whose abundance increased during warming periods.
Measure Units
The most significant relationships between chemical elements (based on data of regression analysis, Statistica 7 software) are listed in Table 4 . A positive significant correlation in the Snorri and Gloria cores, respectively, was found for Si-Al (R 2 = 0.88 and 0.65), Al-Ti (R 2 = 0.68 and 0.44), Al-Fe (R 2 = 0.66 and 0.62), and Ca-Sr (R 2 = 0.94 and 0.71). The revealed statistically significant negative correlations between Al-Ca (R = −0.89 and −0.83), Al-CaCO 3 (−0.95 and −0.60), Si-Ca (R =−0.94 and −0.80), and Si-CaCO 3 (−0.98 and −0.52) in sediment cores of the Snorri and Gloria Drifts respectively, likely suggest a predominant Ca incorporation in biogenic carbonate rather than in terrigenous material. The examination of sediment specimens on SEM and smear slides under a POLAM L-213M polarizing microscope has revealed an insignificant amount of detrital calcite. In the southwest part of the area studied, a rather noticeable portion of Ca (up to 8%) occurred in the form of detrital carbonate (dolomite, limestone) related to discharge from northwestern Canada [44] . For Fe-Mn, a significant correlation (R 2 = 0.66) was detected only in the Snorri Drift core.
Discussion
In the North Atlantic, Quaternary records are characterized by the frequent input of IRD and associated slowdown of deep-circulation [14, 45] . The warm periods are characterized by the increased intensity of near-bottom currents, while in glacial ones, their speeds decreased. Sediment layers enriched in the IRD are distinguished by dominance of the coarse-grained fractions (> 150−250 µm) which have been supplied by melting icebergs over a vast area in the North Atlantic [22] . These layers are commonly depleted in Al content, and therefore, values of Si/Al, Ti/Al, and Fe/Al ratios may be used as potential proxies of terrigenous contribution [21] . The percentage of sand grains in the North Atlantic sediments, used to identify the ice-rafting events, displayed a distinct coherent variability with quartz/plagioclase ratios, namely an increase during the glacial period, while the geochemical indicator (Ti/K ratio) showed the opposite trend [14] . These authors have found that the maximum warming period followed IRD deposition after increasing ventilation, as indicated by the ∂ 13 C of N. pachiderma. Ameliorated conditions for benthic foraminiferal environment were reflected by a relatively high Si/Fe, while a distinct drop in Al, Si, and K content and a drop in Si/Fe ratio suggests that less clay-mineral-loaded meltwater reached the area on the West Greenland shelf [46] . Based on surface temperature from planktonic foraminiferal count, Mg/Ca and oxygen isotopes of Neogloboquadrina pachyderma, and from CaCO 3 content, the rapid shifts from cold stadial to warm interstadial caused by variable freshwater input by melting ice during MIS 3, have been revealed [14] . According to these authors, this variability was caused by changes in Atlantic Meridional Overturning Circulations (AMOC). The Ti/K ratio, which reflects the continental crust versus Mid-Atlantic Ridge basalt-derived material, serves as an indicator of continentally derived IRD; a decrease in Ti/K ratio suggests major changes in the provenance and transport way of sedimentary material. The Ti/Al ratios' distribution in the surface North Atlantic sediments supports its use as a proxy for aeolian versus fluvial input of terrigenous material [47] . The distributions of the Fe/K and Al/Si ratios in Atlantic surface sediments are highly similar to those of major soil types in Africa and South America. This result indicates the deposition on Atlantic continental margins of terrigenous material originating from the adjacent continent. In addition, the Fe/K and Al/Si ratios of Atlantic sediments reflect the relative input of terrigenous material from climatic zones characterized by different degrees of chemical continental weathering. High values indicate the dominant input of highly weathered material derived from tropical humid regions, while low Fe/K and Al/Si values reflect the input of only slightly chemically weathered material formed under drier conditions [47] .
Maximal IRD deposition (2.566 grains/g of sediment) occurred at a horizon of 100-101 cm, close to termination of the cold MIS 4 (Figure 4 ) at the Gloria Drift. At this horizon, the 60% maximum of coarse silt fraction (250−125 µm) was detected [20] . However, this peak did not coincide with the highest values of Si/Al, Ti/Al, and Fe/Al ratios. The single peak value of Si/Al (8.6), Ti/Al (0.18), and Fe/Al (1.50) ratios, which were 4-5 times more compared to their core averages, were recorded at the Gloria Drift during the coldest glacial period MIS 6 at a horizon of 280-290 cm. There, according to [15] , the total amount of coarse-grained fraction (250−125 µm) amounted to 36%, i.e., significantly less than in horizon 100-110 cm (60%). From Figure 4 , it is distinctly seen that at the Gloria Drift core, the downcore distribution patterns of Si/Al, Ti/Al, and Fe/Al ratios were more or less similar to that of IRD only during MIS 6. The large amplitude of these ratios' variations and correlation with IRD only in the coldest period confirm a common use of Si/Al, Ti/Al, and Fe/Al ratios, which refers to the contribution of coarse-grained material during the cold glacial periods. However, with the absence of a noticeable downcore variation in these ratios and IRD, let us suppose the existence of a powerful source of terrigenous fine-grained rather than only coarse-grained material supplied into sediments at the Gloria Drift area. In the works [15, 33] , the two large-scale deposition systems of material supplied by turbidite inflow from the Labrador Sea to the Gloria Drift, namely sand-dominated and mud-dominated, have been discovered. These systems operate under the influence of the submarine drainage system of the Northwest Atlantic Mid-Ocean Channel (NAMOC), and the grain size separation resulted from the sorting of glacial sediments.
In the AI-3378 site from the Snorri Drift (Figure 3 ), unlike the Gloria Drift core, multiple alternating of the elevated and lowered values of Si/Al, Ti/Al, and Fe/Al ratios was revealed. There, one can see a general similarity in the downcore distribution of the IRD terrigenous grains, Si/Al, Ti/Al, and Fe/Al ratios which was recorded throughout the core with rather small variations around the averages. Some peaks of these ratios were detected close to boundaries between MIS 2/3, 3/4, 5/5e, as well as during interglacials. On the one hand, these may indicate their common source related with the silt and fine-sandy fractions of terrigenous ice rafting material, whose abundance has been systematically increased in cold periods, followed by the input of sedimentary matter by melting icebergs. On the other hand, we suppose in the Snorri Drift core such a rhythmic alteration of layers with relatively high and low Si/Al, Ti/Al, and Fe/Al ratios. These seem to be in agreement with a frequent systematic input of IRD grains in Northwest Atlantic sediments associated with the slowdown of deep circulations [45] and may be attributed to the influence of the coarse-grained ice-rafted debris during the colder periods. Besides, an impact of fine-grained terrigenous material (clays) brought with near-bottom currents, mainly the Iceland-Scotland Overflow Water (ISOW), should not be excluded. These near-bottom currents have been enhancing during interglacials, while their intensity is known to be oscillated regularly over the past time.
It should be noticed that there is no significant difference (around 10-15%) between average values of Si/Al for interstadial (MIS 1, 3, and 5) and stadial (MIS 2, 4, and 6) periods: 4.34 vs 4.13 a in the Snorri Drift and 4.79 vs 4.24 in the Gloria Drift, respectively. The same tendency could be noticed on the Ti/Al ratio in cores and the Fe/Al ratio in the Gloria Drift. In the case of the Snorri Drift, during warmer MIS 1, 3, and 5, the average Fe/Al ratio (1.56) is significantly (about 25%) higher than that in the cooler MIS 2, 4, and 6. This may be attributed to an additional source of Fe caused by an enrichment in Fe of the Snorri Drift core (average Fe/Al is 1.18) relative to the upper crust (0.44, by [42] ). Such an enrichment during warmer interstadials may be caused by bioturbation, whose traces we observed while describing the core. As is known, the effects of macrozoobenthos activity include biodeposition, particle reworking, solute exchange during bio-irrigation, and burrowing. Benthic-sediment interaction could be realized in different ways, for example, an increase of migration of the Fe bioavailable forms from pore water into sediment. From our experience, we have learnt that the major role in biogeochemical transformation of metals, particularly Fe as an essential element, belongs to benthic organisms enriched in organic carbon, such as polychaetes (a deposit feeders), whose fossilized tracks were found during visual observation of the cores. Besides, shells of carbonate-forming organisms (foraminiferas, coccolithophores, bivalves) have displayed a high accumulation of metals due to films of authigenic Fe-Mn oxyhydrooxides being formed on their surface [48] [49] [50] . The latter phenomenon was observed in both shallow and deep-sea bottom environments [51] .
In both cores, elevated values of Si/Al, Ti/Al, and Fe/Al ratios were generally coherent to lowered CaCO 3 content which is used as a biogenic proxy whose high content suggests the growth of surface water biological productivity (the foraminiferal assemblages mostly) during warmer periods. In case of the absence or insignificant contents of the detrital carbonates, changes in CaCO 3 are mostly provided by changes in productivity which in turn is driven by the temperature of surface water, as was shown by [52] . So, despite the lack of a significant coefficient of correlation (R 2 did not exceed 0.22), we suppose that in the case of our cores, CaCO 3 is of predominantly biogenic origin. So, in this aspect, these ratios could be applied as terrigenous proxies of sediment formation in contourite drifts during the stadials.
A relatively high Si/Fe ratios and depleted ∂ 18 O values suggest warmer conditions from 6650 to 3800 cal.yr BP corresponding in time to Holocene Thermal Maximim, therefore, Si/Fe ratio is regarded in the North Atlantic as a proxy for the supply of clay-mineral-loaded glacial meltwater, which carry fine-grained sediments away from the slope [46] . In the Snorri and Gloria Drifts' cores, the Si/Fe ratio is 3.81 and 5.86 respectively, that is lower than that of the upper crust average (6.67, by [42] ); it additionally confirms these sediments' enrichment in Fe compared to the upper crust as was mentioned above. The alteration of higher and lower values of Si/Fe ratios are also clearly displayed in the case of the Snorri Drift (Figure 3 ). Variations in Si/Fe ratios exhibit a general slight tendency of insignificant upward growth, with multiple oscillations, from the coldest MIS 6, where the minimal Si/Fe ratios (2.2) were detected, to the warm Holocene where this ratio reached 4.0. However, no significant difference was found between average values of Si/Fe in the relatively warm (3.85) and cold (3.75) periods. The high values of the Si/Fe ratio (5.5 to 6) were registered in the beginning of the warm MIS 5, at the boundaries MIS 5/4, as well in relatively warm MIS 3. The amplitude of Si/Fe ratios' variation in the Snorri Drift (3.1 to 5.6) is less than that in the Gloria Drift (2.0 to 7.7). Throughout the Gloria Drift core, only the two distinct minimal Si/Fe ratio' values were recorded, in the cold MIS 4 and 6 (2.8 and 2.2 respectively), as it was shown above for Si/Al, Ti/Al, and Fe/Al ratios. In the Gloria Drift core, it is interesting to notice that the strongly pronounced minimum Si/Fe ratio, observed at the horizon of 370-380 cm during cold MIS 6, corresponds to the maximum of Si/Al, Ti/Al, and Fe/Al ratios. Besides, we found no change in Si/Fe ratios corresponding to detected high values of ∂ 18 O and CaCO 3 during the warm MIS 5 (Figure 4) . In both cores, the Si/Fe ratios exhibit an asynchronous downcore distribution with that of Si/Al, Ti/Al, Fe/Al, and IRD. On the contrary, generally coherent variations were revealed for Si/Fe ratios, ∂ 18 O, and CaCO 3 .
Thus, the Si/Fe ratio as a proxy of the clay-mineral-loaded glacial meltwater, in our opinion, is more applicable for the transition periods between cold and warm periods.
As is well known, the Mn cycles reflect the extent of sediment oxidation resulting from changes in ventilation of bottom water, reflecting bulk sedimentation rate and terrigenous versus biogenic supply. The high contents of Mn oxides are characteristic for strongly oxidizing conditions, while under suboxic conditions, Mn oxyhydroxides are dissolved. The Mn/Fe ratio is usually applied for the paleoreconstruction of oxygen dynamics in the bottom waters [29] . This is caused by the different redox kinetics of Mn and Fe under anoxic conditions, namely, Mn is reduced faster than Fe, while Fe is oxidized faster than Mn; therefore, a higher Mn/Fe ratio characterizes suboxic or oxic conditions. A trend of the relatively high Mn/Fe ratios in the warm MIS 1, 3, 5, 5e is clearly observed in the Snorri Drift core. Hence, we may suggest that during warmer periods, an efficiency of the Mn diagenetic transfer into Mn (IV) state was higher relative to Fe, resulting in elevated Mn/Fe ratios in sediments.
So, Mn/Fe ratios variations apparently reflect the redox conditions of the paleoenvironment. In the western Arctic Ocean sediment cores, enriched in the Mn brown units were attributed to the glacial intervals, while the clear mechanisms of such correlation is still speculative [26] . In the subpolar White Sea (Northwestern Russia), a change in the Mn/Fe ratio in mobile forms (exchangeable and oxyhydroxides) reflects the rapid oxidation of Mn (II) in the uppermost layers of the cores, as well as a slowdown of diagenetic reduction of the oxidized forms of Fe and Mn at a depth of~130 cm [30, 53] .
According to our data, in cores from the Snorri and Gloria Drifts, higher values of Mn/Fe ratios generally corresponded to lower IRD deposition in warmer periods, while in cooler times, Mn/Fe ratios decreased (Figures 3 and 4) . A comparison of average Mn/Fe ratios has shown a significant difference in warmer (0.033 and 0.074) versus colder (0.023 and 0.035) periods in the Snorri and Gloria Drifts cores respectively.
The distinct Mn/Fe peaks were recorded in the Holocene MIS 1; in interglacial sediments formed during MIS 3, 5, and 5e; as well as in glacial period MIS 6. It should be noticed that in the Snorri Drift, the downcore changes of the Mn/Fe ratio are similar to that of CaCO 3 , and to a lesser extent, to ∂ 18 O (Figure 3 ). We suppose that it may be caused by the incorporation of Mn into carbonate material whose vertical fluxes increased in warmer periods due to the growth of biological productivity. In the case of the Gloria Drift, the downcore Mn/Fe variation is almost absent, with the exception of two large peaks in the stadials MIS 4 (horizon of 150 cm, about 77,320 yrs. ago) and MIS 6 (horizon of 350 cm, about 185,320 yrs. ago). We suppose that it was caused by an abrupt and short onset of very strong oxidation conditions resulting from enhanced water ventilation which may be linked to inflowing of the cold East Greenland Current.
Some marine isotope stages such as MIS 3 and 5 are usually sub-divided into sub-stages in accordance with peaks of glacial or interglacial basic parameters related to ice-rafting events versus biogenic supply. This sub-division is supported by our data, displaying several peaks in downcore record of chemical elements and some of their ratios.
The changes in Sr/Ca ratios in planktonic and benthic foraminifera from diverse hydrographic settings over 300 kyr, revealed an increase over the penultimate glaciation, declining to minimum values during MIS 5 and increasing from MIS 5 through MIS 2; these variations are explained by changes in mean Sr/Ca value in ocean water and only a small influence of salinity and pH, rather than temperature changes [54] . The Sr/Ca ratios in bulk sediments from gravity cores from the South Atlantic Ocean displayed glacial/interglacial variations with minimum values during glacial maxima, a distinct increase in deglaciation periods, and the highest ratios in interstadials [31] . In accordance with Reference [55] , the downcore Sr/Ca variations are influenced mainly by the recrystallisation of shelf aragonite into calcite, resulting in an increased Sr/Ca ratio during glacial maxima. Additionally, the variable Sr incorporation by carbonate-producing coccolithophores and foraminifers was suggested to vary on a species-to-species basis [56] .
Our data displayed a rhythmic alteration of higher and lower Sr/Ca ratios, however, with no strongly pronounced peaks (Figures 3 and 4) . At the Snorri Drift, the downcore change in Si/Al, Ti/Al, and Fe/Al ratios exhibits a general trend of asynchronous distribution with that of Sr/Ca ratios (Figure 3 ). In sediments of the Gloria Drift, this trend seems to be more pronounced (Figure 4 ). In both cases, the opposite trends in the down-core distribution of CaCO 3 and Sr/Ca ratios are clearly seen. Due to multiple and rhythmic alteration of the higher and lower (Sr/Ca) ratio values throughout the AMK-3378 core from Snorri Drift (Figure 3 ), there is no significant difference in warmer periods versus colder ones (5.37 and 5.24, respectively). However, at the Gloria Drift (AMK-4493 core), one can clearly see two sharp decreases in the Sr/Ca ratio: one is at the boundary MIS 2/1 and the second is in the MIS 6 at the horizon of 270-280 cm. The second minimum coincides with maximal values of terrigenous indicators, such as Si/Al, Ti/Al, and Fe/Al ratios, and high IRD values. Thus, we obtained ambiguous data on Sr/Ca records which cannot be ascribed to the paleoclimate indicators in the cores studied. From this, it follows that additional research should be further made by analyzing the individual foraminifer shells using standard methods.
Conclusions
Geochemical paleorecords of climate change during the Late Quaternary period have been considered. The results of quantitative XRF analysis combined with the IRD, CaCO 3 , oxygen isotopes, BioSiO 2 , and lithological characteristics of the sediment sequences of the Snorri and Gloria Drifts are presented. These sedimentary bodies have been formed as a result of the near-bottom contour currents, as well as ice melting and iceberg unloading, whose intensity and direction changed dramatically as was shown in many publications. The data obtained let us reveal the temporal variations in geochemical characteristics of the paleoenvironment in the North Atlantic during the Mid-Pleistocene to Holocene covering MIS 6 to MIS 1 (180−190 kyr BP). In both cores, the rhythmic peaks of IRD grains' content suggest a frequent systematic input of IRD grains in Northwest Atlantic sediments, these, in accordance to [45] , are associated with slowdown of deep circulations. Major and trace element contents and some of their ratios exhibit their multiple and rhythmic variation over the glacial/interglacial periods. In both the Snorri and Gloria Drifts cores, the sediment records showed the downcore co-variation of ice-rafted debris (IRD) and terrigenous elements, such as Si, Al, Ti, Cr, and Zr contents. These downcore variations occurred asynchronously with biogenic components (CaCO 3 and BioSiO 2 ), which are commonly used as a proxy of biological productivity (carbonate-and silicon-forming phyto-and zooplankton) of surface water, as well as δ 18 O. The warm MIS 3 and 5 are usually sub-divided into some sub-stages in accordance to peaks of glacial or interglacial basic parameters related to ice-rafting events versus biogenic supply. This sub-division is supported by our data, displaying several peaks in downcore record of chemical elements and some of their ratios.
Some elemental ratios may be used as proxies of climate change. An asynchronous alternation of high and low values of terrigenous and biogenous indicators seemed to result from changes in sedimentary material supplied to the studied area by ice and iceberg rafting, as well by bottom currents during warming and cooling periods. Elevated values of Si/Al, Ti/Al, and Fe/Al ratios were generally coherent to lowered CaCO 3 . The Si/Fe ratios exhibiting asynchronous downcore distribution with that of Si/Al, Ti/Al, Fe/Al, and IRD, used as a proxy of the clay-mineral-loaded glacial meltwater, in our opinion, is more applicable for the transition periods between cold and warm periods. The Mn/Fe ratio, reflecting the different kinetics of reduction-oxidation processes, exhibited the downcore co-variation with that of CaCO 3 , and to a lesser extent, to ∂ 18 O. These are possibly linked with the incorporation of Mn into carbonate material whose vertical fluxes increased in warmer periods due to the growth of biological productivity. In the case of the Gloria Drift, the downcore Mn/Fe variation is almost absent, suggesting a general insignificant change in surface water productivity over the larger part of the core; however, the two large peaks recorded during MIS 4 and MIS 6, in our opinion, were caused by an abrupt and short onset of strong oxidation conditions that resulted from enhanced water ventilation, which may be linked to inflowing of the cold East Greenland Current.
